Amphibian embryos have served as a model system for vertebrate axial patterning for more than a century. Recent changes to the Xenopus laevis fate map revised the assignment of the embryonic dorsal/ventral (back-to-belly) axis in pre-gastrula embryos and allowed the assignment of the rostral/caudal (head-to-tail) axis for the first time. Revising the embryonic axes after many years of experimentation changes our view of axial patterning in amphibians. In this review, we discuss the revised maps and axes, and show by example how the new map alters the interpretation of three experiments that form the foundations of amphibian embryology. We compare the revised amphibian fate map to the general maps of the protochordates, and discuss which features of the maps and early development are shared by chordates and which distinguish vertebrates. Finally, we offer an explanation for the formation of both complete and incomplete axes in the rescue assays routinely used to study axial patterning in Xenopus, and a model of amphibian axial patterning.
Introduction
Fate maps are the projection of advanced developmental stages of an organism back to an earlier stage, and are a primary tool of embryologists. A fate map reveals what cells residing in a particular region of an embryo become in the course of normal development, and they are used routinely in both classical and molecular embryology. It is crucial for the design and interpretation of experiments that fate maps be accurate.
Vogt published the first comprehensive amphibian fate maps in 1929, and many additional maps have since been constructed (including Keller, 1975 Keller, , 1976 Dale and Slack, 1987a,b; Moody, 1987 and numerous others) . Amphibian maps are unique among metazoan maps in that investigators historically assigned only two embryonic axes-the dorsal/ventral (D/V, e.g., back-tobelly) and left/right (L/R) axes, but not the rostral/caudal (R/C, e.g., head-to-tail) axis. This is especially problematic for researchers for two reasons. First, the most rostral structure in an amphibian is its complex head, which is a novel, vertebratespecific structure (Gans and Northcutt, 1983 ; but also see Northcutt, 2005) . Although amphibian embryologists routinely refer to the head as dorsal or dorsoanterior, it is not an extension of the dorsal tissues found in all chordates. It is rostral by anatomical definition, and the source of the tadpole head should be assigned as rostral in a fate map. Second, the body plans of all vertebrates form in a pronounced rostral-to-caudal sequence. This means rostral regions of the embryo develop before caudal, so rostral regions must be distinct from non-rostral regions beginning very early in development. If vertebrate researchers seek to describe development accurately, they need to define rostral, and they can discern this information by constructing fate maps that reveal the origins of the head.
Recently a new Xenopus fate map determined the origin of the head and designated the "missing" R/C axis (Lane and Sheets, 2000; Lane et al., 2004) . This map raised questions about the interpretation of previous amphibian maps. Controversy arose because the R/C axis was assigned to what was called previously "D/V", and the D/V axis was reassigned to the animal/vegetal axis. Re-orienting the axes after many years of experimentation is controversial because changing the axes changes our view of an embryo that has served as a model for vertebrate embryonic development for over one hundred years. In 1924, Spemann and Mangold defined "Spemann's organizer", a group of cells near the upper blastoporal lip of a gastrula stage embryo, which induces an ectopic embryonic axis when grafted to the opposite side of a host embryo. All vertebrate embryos have an organizer equivalent (e.g., the node in the mouse and chick and the shield in fish) that influences embryonic patterning. Many modern molecular and cell biological studies still focus on the organizer phenomenon, with the primary goal of defining the chemical nature of Spemann's organizer. As a result, a list of molecules that evoke secondary axes when expressed ectopically includes wild type and/or dominant-negative versions of many growth factors, transcription factors, and signaling molecules. In recent years, reviews of amphibian development have grown so complex that understanding how an egg becomes a tadpole is becoming an increasingly difficult problem. However, the revised fate and axis orientation maps may offer alternative and much simpler explanations for amphibian developmental patterning, and make frog development a more tractable problem.
Now is an appropriate time to step back from the established models and the molecular details and reconsider the early events that establish the vertebrate body plan. The time is ripe for two reasons. First, revisions of the Xenopus fate map alter the interpretation of many classical experiments, including the seminal experiment of Spemann and Mangold (1924, discussed below; see Lane et al., 2004) . Second, our knowledge of the morphogenetic movements that construct the vertebrate body plan has grown extensively, but few developmental biologists understand the movements that shape the amphibian embryo. In the quest to understand axial patterning, nothing compensates for a thorough understanding of where cells move during construction of the body plan. Acceptance of the new fate and axis orientation maps will help investigators and students understand morphogenesis better. In turn, this will give them a deeper understanding of the molecular expression patterns observed in both normal and manipulated embryos, and the altered body plans frequently observed after experimental manipulations.
In this review, we will (1) review the old and new views of D/ V and R/C axial patterning in Xenopus; (2) show with three examples how the new map alters the interpretation of experiments; (3) consider a generalized chordate fate map and the vertebrate elaborations that complicate the map; (4) describe a model to explain complete vs. incomplete axis formation in patterning assays; and (5) propose a revised model to describe axis determination in amphibians.
Two conflicting views of axial patterning in amphibians: the historical view and a revised, modern view
The tasks of fate mapping are to find the origins of various tissues and abstract the orientations of the embryonic axes from the observed tissue distributions. The tissue distributions in the revised Xenopus fate map differ very little from previous maps-the principal change is in the distributions of dorsal and ventral mesoderms. But this difference is significant because it alters the assignment of the D/V axis, and allows for the first assignment of the R/C axis in pre-gastrula embryos. The new axis orientations have major repercussions for how we think about axial patterning. To help readers understand how the new map changes our view of the embryo, we will first summarize the common features of the old and new views, and then highlight the differences.
Both views agree that an unfertilized amphibian egg is radially symmetric about its animal/vegetal axis. The germinal vesicle occupies the heavily pigmented animal hemisphere, while yolk platelets are concentrated in the lightly pigmented vegetal hemisphere (Fig. 1A) . Fertilization initiates reorganization of the egg cytoplasm, by triggering massive cytoskeletal and cytoplasmic rearrangements during the first cell cycle. This process is called cortical rotation, and it involves directional transport of maternal determinants and an en masse shift of the cytoplasm relative to the cortex. Shearing between the cortex and cytoplasm lightens the pigmentation on one side of the animal hemisphere (Fig. 1B) . Cortical rotation breaks radial symmetry, establishing two axes. At this point the two views diverge as to which two axes are determined (discussed below). However, both views agree that by gastrulation, the three germ layers are set up with ectoderm in the animal region, mesoderm in the marginal zone and endoderm in the vegetal region (Fig .   Fig. 1 . (A-C) Consensus points between the traditional and revised views of amphibian axial patterning. Both views concur that the egg (A) is radially symmetric about its animal/vegetal (An/Vg) axis, and that (B) fertilization establishes two axes, by initiating cortical rotation (CR). The sperm entry point (SEP) organizes the cytoskeleton for the rotation, which results in the animal hemisphere being lightly colored on the side opposite the SEP after CR. The SEP serves as one pole of an axis and on the opposite side of the embryo, organizers and signaling centers will form later in development. This axis is disputed by the two views. In the traditional view, it is the ventral-to-dorsal axis but in the revised view, it is the caudal-to-rostral axis. The second axis established by CR is the left/right (L/R) axis. The left side of the embryo is shown in all panels. (C) Both views agree on the arrangement of the germ layers. Ectoderm (blue) maps to the animal region, mesoderm (red) maps to the equatorial region and endoderm (yellow) maps to the vegetal region. 1C). We will summarize the old view of axial patterning first, and then the revised view.
The traditional view of Xenopus patterning
In the traditional view, cortical rotation establishes the D/V and L/R axes ( Fig. 2A) . Dorsal is assigned to the lightly pigmented side of the embryo and ventral is assigned to the darkly pigmented side, which includes the sperm entry point. In conventionally cleaving embryos, the first cleavage plane often, but not always, divides the embryo into a left and a right blastomere, each containing both dorsal and ventral cytoplasm. The dorsal midline, which forms along the meridian undergoing maximal cortical displacement opposite the sperm entry point, coincides with the first cleavage plane and bisects the lightly colored dorsal side of the embryo. The second cleavage plane is usually offset 90°from the first, and divides the dorsal from the ventral cytoplasm. Thus, the lightly pigmented blastomeres at the four-cell stage are called dorsal blastomeres and the darkly pigmented blastomeres are called ventral blastomeres. A single R/C axis (often referred to as anterior/posterior) is not assigned in pre-neurula stage embryos, but is usually assigned once the neural folds appear.
The traditional model for development (i.e., the 3-signal hypothesis, Smith and Slack, 1983) and fate map are diagrammed in Figs. 2B-D. Following cortical rotation, signals emanating from the vegetal hemisphere during the blastula stages induce the overlying equatorial region to form mesoderm. Two vegetal signals are postulated (Fig. 2B) . One (red arrows) induces ventral-type mesoderm throughout the marginal zone, while a second signal (blue arrow), limited to the dorsal vegetal region/Nieuwkoop center, induces dorsal-type mesoderm/Spemann's organizer in the overlying dorsal marginal zone. During gastrula stages, the organizer releases a third signal that converts (i.e., "dorsalizes") some of the ventrallyspecified mesoderm in the lateral and ventral marginal zones to form somitic mesoderm and pronephros (purple arrow, Fig. 2C ). This signal does not reach the ventral marginal zone, so it forms blood, the ventralmost mesoderm. The third signal is thought to be the BMP antagonists chordin and noggin (Smith et al., 1993; Sasai et al., 1994) . In recent years, a fourth signal has been added to this patterning scheme (grey arrow, Fig. 2C ). BMPs released by the lateral and ventral regions of the embryo antagonize the BMP antagonists released by the organizer (reviews include De Robertis and Harland and Gerhart, 1997; Heasman, 1997) . The BMPs are thought to confine the organizer to the dorsal marginal zone and to establish a gradient of BMP activity across the horizontal axis of the embryo that determines dorsal/ventral mesoderm fates (Fig.  2D , Dosch et al., 1997) , exactly as predicted by the 3-signal model.
Since the 3-signal hypothesis was proposed, a number of modifications have been made. One is especially relevant to the new fate map and model discussed below. Moon and his colleagues Kimelman et al., 1992; reviewed in Harland and Gerhart, 1997) proposed that the two signals from the vegetal hemisphere be replaced by a "dorsal competence modifier" and a signal emanating from the vegetal hemisphere. The dorsal competence modifier operates along the dorsal midline as a result of cortical rotation, and it modifies the interpretation of the signal subsequently released by the vegetal hemisphere. Thus, in response to a signal from the vegetal hemisphere in blastula stages, cells in the marginal zone near the dorsal midline differentiate as dorsal mesoderm (i.e., Spemann's organizer) and cells in the rest of marginal zone form ventral mesoderm. In gastrula stages, the organizer then "dorsalizes" some of the ventral mesoderm, as proposed in the original 3-signal hypothesis.
When gastrulation begins, the dorsal lip forms first, in the organizer/dorsal marginal zone. Formation of the blastopore (DMZ) . Signal 3 from the DMZ converts ventral mesoderm to form somites and cells slightly further away to form pronephros. Signal 3 does not reach the ventral marginal zone (VMZ), which forms blood. BMP antagonists from Spemann's organizer carry out this function, known as "dorsalization". Ventral mesoderm (vm) in the ventral and lateral marginal zone emit signal 4, which limits the size of Spemann's organizer. Signal 4 is believed to be BMP4. As a result of these four signals, the embryo is patterned as shown in D. D. A highly schematic diagram of the traditional fate map of the gastrula. The mesoderm in the marginal zone is arranged in a dorsal-to-ventral projection running from Spemann's organizer in the DMZ to blood in the VMZ. Notochord (N) is dorsalmost, with somites (S) adjacent, followed by the pronephros (P). Blood (B) occupies the ventral marginal zone. Ectoderm is divided into prospective epidermal (epi) and neural fields. spreads through the lateral marginal zone, and the ventral lip forms last, in the ventral marginal zone, near the meridian of sperm entry. Thus, in the traditional model, the D/V axis runs from Spemann's organizer to the meridian of sperm entry. As there will be confusion when the D/V axis is reassigned, we note that Spemann called the dorsal lip "the upper lip" and the ventral lip "the lower lip" of the blastopore, non-judgmental terms we will employ that will ultimately be less confusing for readers.
The revised view of Xenopus patterning
A new view of amphibian axial patterning, based on revisions to the Xenopus fate map, challenges the historical view of amphibian development (Lane and Smith, 1999; Sheets, 2000, 2002) . New evidence indicates that the lightly pigmented side of the embryo after cortical rotation is rostral and the darkly pigmented side is caudal (Fig. 3A) . New data indicates that the meridian of maximal cortical displacement that bisects the lightly pigmented half and subsequently Spemann's organizer, which we call the prime meridian, is the rostral midline, not the dorsal midline. First, lineage labeling revealed that all head structures fate map to the region of the prime meridian, and specification testing demonstrated that only the prime meridian region gives rise to head structures (Lane and Sheets, 2000) . Second, for the mesoderm in particular, the new fate map (Fig. 3B ) demonstrated that rostral somites (dorsal mesoderm), the rostral end of the blood islands (ventral mesoderm), and the head mesoderm (mostly ventral) descend from the organizer region, so the organizer is not strictly dorsal, as is commonly believed, but gives rise to both dorsal and ventral mesoderm, as defined by anatomists. Caudal somites (dorsal mesoderm) and the caudal end of the ventral blood islands (ventral mesoderm) arise from the region of the "ventral marginal zone" (Fig. 3B) , so it is not strictly ventral. Higher resolution mapping showed that dorsal mesoderm descends from the animal region of the marginal zone while ventral mesoderm descends from the vegetal region of the marginal zone, throughout its circumference. Thus, for the mesoderm, animal is dorsal and vegetal is ventral (also see Smith, 2000, Kumano et al., 2001 ). If we believe that the dorsal marginal zone is by definition the source of the dorsal mesoderm, then the animal marginal zone and not Spemann's organizer is the true dorsal marginal zone (Fig. 3C) . Likewise, if the ventral marginal zone is the source of the ventral mesoderm, then the vegetal marginal zone is the true ventral marginal zone. This is a 90°rotation from the original designation of the D/V axis. Using our proposed new nomenclature, Spemann's organizer occupies the rostral marginal zone, and the opposite side is the caudal marginal zone (Fig. 3C ).
Keller's fate map data for the surface layer of the gastrula (see Fig. 1 in Keller, 1975) showed that the orientation of the endoderm is similar to the revised map of the mesoderm. Dorsal endoderm (i.e., the roof of the archenteron) is animal of ventral endoderm (i.e., the floor of the archenteron) in the gastrula fate map, while head endoderm maps solely to vegetal regions near Spemann's organizer and caudal endoderm maps to vegetal regions near the sperm entry point. His map of the ectoderm (both neural and epidermal) showed that the anterior (i.e., rostral) end of these tissues maps to the prime meridian region, while posterior regions map to meridians near the sperm entry point. Based on Keller's endoderm results and the new data mapping dorsal and ventral mesoderm, the D/V axis of the embryo is reassigned to the animal-vegetal axis (Fig. 3A) . The R/C axis is assigned to the horizontal axis formerly thought to be the D/V axis, because the rostral end of all three germ layers maps to the meridian passing through Spemann's organizer, while the caudal end of the three germ layers maps predominantly to the meridian of sperm entry. The old "dorsal midline" passing through the organizer is renamed the prime meridian, as this region serves as a geographic reference point for both the embryo and researchers. Thus, cortical rotation correlates with and establishes the R/C axis. It also establishes the L/R axis, while a different mechanism, most likely involving maternal determinants asymmetrically distributed in the animal/ vegetal dimension, determines the D/V axis. Kumano and Smith (2000) have presented evidence that fibroblast growth factor receptor signaling within the animal hemisphere may determine dorsal from ventral mesoderm within the marginal zone, but currently there is no information on what mechanism determines dorsal endoderm (archenteron roof) from ventral endoderm (archenteron floor).
Specification testing supports the revised axis orientation map
Reorienting the embryonic axes should not be done casually and warranted further investigation. An experimental procedure with a long history in amphibian embryology is specification testing. In a specification test, fragments of tissue from an embryo are cultured in isolation for self-differentiation potential, and the results are often compared to the potential predicted by the fate map. Based on the revised fate map, a new specification test that differed significantly from earlier tests (Dale and Slack, 1987b) was conducted. As the new test was designed specifically to find the origin of the tadpole head, every tested fragment included tissue from all three germ layers (Lane and Sheets, 2000) . The rationale behind this design is that formation of a recognizable vertebrate head requires contributions from all three germ layers -anything less yields a lump that we may not recognize as head tissue. Since every meridian of the embryo includes all three germ layers, embryo fragments were cut to include whole animal-pole-to-vegetal-pole meridians, not the partial meridians characteristic of marginal zone grafts or explants tested previously (Holtfreter, 1938; Keller, 1991; Smith and Slack, 1983) . The new specification test showed that the region centered immediately on the prime meridian forms the embryo's head (Fig. 4A , Lane and Sheets, 2002) and only fragments that include the prime meridian form the head of a tadpole (Figs. 4C-F; Lane and Sheets, 2002) . Fragments distant from the prime meridian form a trunk-plustail if meridians within approximately 35°of the prime meridian are included (Fig. 4B) . Furthermore, when embryos are cut symmetrically at decreasing distance from the prime meridian, the fragments containing the prime meridian form a head plus a decreasing amount of the caudal body plan, but including both the dorsal and ventral regions (Figs. 4C-F) . Both results support the assignment of the R/C axis to the axis running from Spemann's organizer to the meridian containing the sperm entry point (i.e., the old D/V axis).
All models of amphibian axial patterning proposed since 1983 are variations of the three-signal model (Smith and Slack, 1983; Dale and Slack, 1987b) , and all models postulate that cortical rotation sets up the D/V axis along the horizontal axis running from Spemann's organizer to the meridian of sperm entry. The assignment of the R/C axis to the horizontal aspect of the marginal zone renders the three-signal hypothesis untenable, as it is cast in terms of D/V patterning. The problem is that dorsal and ventral tissues do not arise from separate meridians in the embryo, they arise from all meridians of the embryo; thus, D/V tissue distributions do NOT correlate with cortical rotation. Rostral and caudal tissues, however, arise from separate meridians in the embryo. The sperm entry point predicts the future caudal side and the direction of cortical rotation predicts the future rostral side of the embryo. This indicates that cortical rotation establishes the R/C axis.
Changing the axes has consequences for the interpretation of many experiments and for the way we think about the Xenopus embryo. Some authors believe that the controversy is resolved by designating a single dorsoanterior/ventroposterior axis for the early frog embryo. This axial designation ignores that frogs are three-dimensional, and does not indicate where dorsocaudal tissues (e.g., the tail) or ventrorostral tissues (e.g., the face and heart) arise. More importantly for those interested in evolution and development, the use of "dorsoanterior" and "dorsalized" to refer to radialized head embryoids ignores that a frog's head is a rostral feature while truly dorsal structures such as the Fig. 4 . The prime meridian is specified to form the head. Embryos were dissected at st. 8 into fragments from the animal pole to the vegetal pole that either include or exclude the prime meridian. The fragments were cultured to approximately st. 28, unless otherwise specified, and immunostained for notochord and somites, except for the final image in panel F, which shows an unstained fragment at control st. 36. The fragments are diagrammed from a vegetal pole view. All fragments that include the prime meridian form a head and those that exclude the prime meridian do not. (A) A 70°fragment (70 UL) centered on the prime meridian forms a head with notochord and somites, while the corresponding 290°fragment without a prime meridian forms a properly patterned trunk/tail body plan without a head. (C-F) In a second experiment, embryos were cut along symmetrical meridians at decreasing distance from the prime meridian. The resulting body plans show that both dorsal and ventral tissues are truncated, and that the closer cuts are made to the sperm entry meridian, the more caudally complete is the body plan. In panel F, the head that forms from the 90°upper lip fragment is shown at st. 28 and 36. The head is fairly complete but is missing the gill pouches. Abbreviations: LL, lower lip; UL, upper lip. notochord are conserved chordate features. They are not one and the same, as collectively calling them "dorsoanterior" suggests. The employed terminology simply confuses the issue, and minimizes the significance of the vertebrate head in evolution.
Misconceptions from classic experiments in embryology
Classic experiments form the foundations for model systems, as they are used to design and interpret experiments. We believe that the old fate and axis orientation maps led to misinterpretation of many classical experiments, which in turn foster misconceptions about frog embryos. We will discuss three experiments, and show how understanding the new map profoundly alters the interpretation of these experiments. The three experiments are: (1) specification testing of the four-cell embryo divided into "dorsal" and "ventral" halves; (2) the mesoderm fate map of Keller (1976) ; and (3) the organizer grafting experiment of Spemann and Mangold (1924) . Many additional experiments, both classic and modern, are beyond the scope of this review, but also need re-evaluation in light of the new maps.
Splitting the four-cell embryo into "dorsal" and "ventral" blastomere pairs A classic experiment in embryology is to split an early embryo into blastomeres and test for regional specification. Three groups split four-cell Xenopus embryos into what are historically called "dorsal" and "ventral" blastomere pairs (Kageura and Yamana, 1983; Cooke and Webber, 1985; Dale and Slack, 1987b) 1 as diagramed in Fig. 5A . Despite using very different techniques, the investigators reported similar results, which have been routinely misrepresented in the literature. It is commonly believed that the "ventral" blastomere pair yields a belly piece that lacks dorsal, axial organization and consists primarily of blood, mesenchyme, a small archenteron and an epithelial covering (Spemann's "bauchstuck") . In fact, all investigators observed in the majority of cases (approximately 70% for all groups) what is unmistakably the trunk and tail of a tadpole, i.e., the caudal end of the embryo (Figs. 5B and D, taken from Kageura and Yamana, 1983; Cooke and Webber, 1985, respectively) , with almost complete dorsal, axial organization as well as ventral structures. This fragment of the embryo never formed a head. Belly pieces were observed in only a minority of cases (approximately 30% for all groups). In contrast, the "dorsal" blastomere pair routinely formed a complete head with trunk structures, which contained both dorsal and ventral elements of the body plan (Figs. 5C and E). The misinterpretation of this experiment-that the "ventral" blastomere pair routinely gives rise to belly pieces-fits the traditional view of amphibian development and "supports" the 3-signal model. The observed results-that the "ventral" blastomere routinely gives rise to trunk plus tail structures and never gives rise to head structures, while the "dorsal" blastomere always gives rise to head plus trunk structures-fits the revised view of amphibian patterning. We argue that the appropriate conclusion from this experiment is that at the four-cell stage, the amphibian embryo is regionally specified into rostral and caudal blastomere pairs and not dorsal and ventral pairs. Rostral tissues are centered on the prime meridian and caudal tissues centered on the meridian of sperm entry. Thus, at the four-cell stage, the specification state is approximately equal to the fated state. We note that while both sets of blastomere pairs contribute to dorsal structures autonomously when separated at the four-cell stage, this is not the case by late blastula/early gastrula stages, when only the rostral half of an embryo makes dorsal structures autonomously, and the caudal half forms Spemann's "belly piece". Thus, by late blastula, the specification state is not equal to the fated state. We will address this point in a model presented below.
Keller's gastrula-to-tailbud fate map
The revised fate map reveals a rostral-to-caudal progression of tissues running from the prime meridian to the meridian of sperm entry (Lane and Sheets, 2000; Lane et al., 2004) . We recently re-evaluated several blastula-stage amphibian fate maps that did not assign a R/C axis and showed that the primary data underlying these maps reveals the same rostral-to-caudal progression as the revised map (Lane and Sheets, 2002) , although the investigators interpreted their data as a dorsal-to-ventral topographic progression. Here we reevaluate Keller's gastrula-to-tailbud fate map, by examining the data in his summary diagram (see Fig. 3 in Keller, 1976 ; modified in Fig. 6 here). Keller marked and followed linear groups of cells in the marginal zone from early gastrula to late neurula/early tailbud stages. We color-coded the marked groups of cells from the original black-and-white map to help readers visualize where cells in a st. 10+ gastrula are located at stages 12.5 and 18. Furthermore, by extrapolating from the revised mapping data (Lane et al., 2004) , we added Figs. 6A and F to show readers where the groups of cells Keller followed would appear in a st. 6 embryo, and in the somites of a st. 41 tadpole, respectively. Finally, we rotated Keller's diagrams to hold the position of the animal pole constant. The animal pole was shown by both Vogt (1929) and Keller (1975) to be the one position on an early embryo that effectively does not move -it remains on the exterior surface of the embryo without undergoing any complex morphogenetic events, and ultimately forms the epithelium covering the heart. Most investigators illustrate embryos as if either the upper blastoporal lip or the vegetal pole/closed blastopore remains constant (as examples, see Keller, 1991; Schohl and Fagotto, 2002) , but Vogt's and Keller's maps show that these regions "move"-they are internalized early in gastrulation and lie in the archenteron roof. Thus, neither the vegetal pole, nor the upper ("dorsal") blastoporal lip serves as a "fixed point" that can be used as a reference to hold the embryo still, and we need to hold the embryo still in order to understand where cells move during gastrulation. The consequence of illustrations holding the upper lip or the vegetal pole constant is that most investigators have never been able to fully comprehend Keller's description of gastrulation in amphibians.
Examining Fig. 6B , we see that a grey line lies along the prime meridian, orange lines lie a few degrees off the prime meridian, while red lines, purple lines and blue lines lie progressively farther from the prime meridian. Groups of cells indicated by grey and orange would descend from blastomere C1 in a 32-cell embryo (st. 6, compare Figs. 6A and B) . Cells indicated by red shades would descend from blastomere C2; cells indicated by purple colors would descend from C3; and cells indicated by blue colors would descend from C4. The light blue line coincides approximately with the meridian of sperm entry. The arrowhead at the vegetal end of each colored line Fig. 6 . Re-analysis of Keller's gastrula-to-tailbud fate map demonstrates a rostral-to-caudal progression running from the prime meridian to the sperm entry point. The pertinent blastomeres, C1-C4, are indicated in different colors on the diagram of a st. 6 embryo in A. C1 is orange; C2 is red; C3 is purple and C4 is blue. These four blastomeres form much of the marginal zone of an early gastrula, the stage mapped by Keller. In panel B, the lines of cells Keller marked are indicated by arrows of different shades of the four colors used for the st. 6 embryo in panel A, except that the grey, yellow and orange lines all descend primarily from blastomere C1. The polarity of the marked lines of cell is indicated by the arrows. The arrowheads mark the prospective ventral mesoderm, which crawls along the roof of the blastocoel before differentiating as ventral mesoderm. In panel C, the emerging dorsal midline, which forms as the blastopore (bp) closes over the yolk plug, is indicated by a dotted line. The blastopore has crossed the vegetal pole but remains open. Large dotted and dashed lines indicate the emerging dorsal and ventral midlines of the body plan, respectively. In panel D, the blastopore has closed near the former lower lip and the dorsal midline, indicated by the dotted line, is much longer than the ventral midline because dorsal mesoderm and neural tissues are elongating due to strong convergence extension movements. The arrowheads in the ventral mesoderm are deleted to simplify the diagrams. In panel E, the contributions from the marginal zone to the ventral blood islands (vbi) are arranged in a rostral-to-caudal progression from the C1-to-C4 blastomeres. The approximate position of the first 3 head somites is shown. They descend from cells derived from blastomeres C1 and C2. The formation of somites is complex and the diagram is meant to indicate only rostral/caudal contributions, not dorsal/ventral somite origins. In panel F, the rostral/caudal contributions from the four C blastomeres are shown in the somites of a st. 41 tadpole. Cells from the marginal zone contribute to somites in a rostral-to-caudal progression that corresponds to the order C1, C2, C3 and finally C4. See text for further explanation.
indicates the polarity of the marked group. Cells near the arrowhead are leading edge mesoderm cells (i.e., the prospective ventral mesoderm in the true ventral marginal zone we defined), which crawl along the roof of the blastocoel and become lateral plate mesoderm derivatives (e.g., blood, heart, vasculature, coelomic mesoderm). Cells at the animal end of the marked groups (in the true dorsal marginal zone) involute later, undergo mediolateral intercalation, and populate primarily the notochord and somites. Keller's data reveals that cells near the prime meridian (grey and orange) end up in the head region, at both dorsal and ventral positions (Fig. 6E) . As marks are made farther from the prime meridian, the marked cells appear at progressively more caudal regions, but each colored group of cells ends up in both dorsal and ventral structures (Fig. 6E) , in the same rostral-to-caudal topographic progression reported by Lane et al. (2004) . Thus, the data in Keller's gastrula stage map supports the revised axes. To help readers understand how the progression would appear in a tadpole stage embryo, we drew Figs. 6E and F, showing how Keller's marked groups of cells would contribute to somitic mesoderm. Orange cells contribute to somites first and appear in the rostralmost somites, followed by red, then purple and finally blue. This order corresponds to the C1, C2, C3, C4 progression reported by Lane et al. (2004) for the stages 6-41 fate map, so Keller's gastrula fate map confirms the rostral-to-caudal topographic progression discovered in the blastula-to-tadpole fate map. Grey and yellow cells, not shown in these diagrams, populate the head, notochord and floorplate of the neural tube.
The organizer grafting experiment of Spemann and Mangold
The grafting experiment of Spemann and Mangold (1924) is one of the seminal experiments of vertebrate embryology and defined the organizer phenomenon. In this experiment, a small fragment from the region just animal of the upper blastoporal lip is grafted to the opposite side of a second embryo (diagrammed in Fig. 7) . Modern authors routinely exaggerate the results of this experiment by showing a twinned embryo with two complete heads, despite the fact that Spemann and Mangold observed only partial secondary trunks, and no second heads. This misrepresentation has caused widespread confusion about the axes and the underlying patterning events in the amphibians, and model systems based on amphibian development, notably zebrafish. Both communities routinely refer to both the head and embryoids consisting of heads and rostral trunk as "dorsalized" or "dorso-anteriorized". We emphasize again that the vertebrate head is a rostral anatomical structure and it should not be confused with dorsal, axial structures that are shared features of the chordates (discussed below).
A new analysis of the organizer grafting experiment (diagrammed in Fig. 7 ; Lane et al., 2004) demonstrated that the historical interpretation of the experiment-that ventral mesoderm of the host is converted to dorsal mesoderm by the organizer graft (Smith and Slack, 1983 )-is incorrect. Lineage labeling both the host and the graft reveals that the graft causes caudal mesoderm to differentiate precociously, effectively making the tissues more rostral in the body plan. An organizer graft converts caudal trunk/tail somitic mesoderm of the primary axis into rostral trunk somitic mesoderm in a secondary axis, and caudal ventral mesoderm is converted into rostral ventral mesoderm, but there is no evidence that ventral is . Normal C4 progeny populate caudal structures, both dorsal (somites) and ventral, much of which will end up in the tail of the tadpole by st. 41. C4 progeny expressing noggin ectopically form a secondary axis and contribute to both dorsal and ventral tissues. However, labeled cells form rostral levels of the secondary axis and continue into the tail, because of mediolateral intercalation. The presence of cells at rostral positions of the secondary axis indicates that cells have been incorporated into axial structures precociously, and hence are "rostralized" rather than "dorsalized". (C) Formation of an ectopic, secondary axis following an organizer-derived graft. C4 progeny exposed to an organizer graft form axial structures precociously, and start a second site of mediolateral intercalation (Lane et al., 2004) . Thus, two sets of trunk structures are initiated and merge into a single tail, but only the endogenous axis forms a head. converted to dorsal mesoderm (i.e., blood is not converted to somitic mesoderm), and hence no "dorsalization", as the experiment has traditionally been interpreted. This rostralization of caudal mesoderm leaves the embryo with a deficiency of cells to construct the tail, and the tail is highly abnormal (Lane et al., 2004) . A BMP antagonist (noggin) secreted by the organizer and believed to mediate "dorsalization" caused the same rostralization phenomena as an organizer graft, and it did so by initiating premature mediolateral intercalation behavior in cells of the caudal marginal zone independently of the organizer (Lane et al., 2004) . We emphasize that the graft essentially hijacks cells normally fated to form caudal trunk and tail and uses them to form excess trunk. Since host cells enter axial structures precociously, they populate more rostral levels of the body plan, so the cells are in essence "rostralized". Although the cells contribute to more rostral levels of the trunk, they do not make a second head. A second head forms only when a graft is so large that the rostral end of all three germ layers is moved. In this situation, the second head is not "induced", but simply transplanted.
This changes significantly our understanding of the organizer phenomena. Spemann believed that the organizer instructed naïve host tissue to form vertebrate axial structures, while modern investigators, beginning with Nieuwkoop, believed that host tissue specified as ventral mesoderm is converted to dorsal mesoderm by the organizer. In fact, the host region (the animal marginal zone opposite the organizer, formerly called the ventral marginal zone) expresses dorsal markers such as Xbrachyury and XmyoD in late blastula stage independently of the organizer (Kumano et al., 2001 ), so it is neither naïve nor specified as ventral. By the time Spemann's organizer secretes factors and influences development, all 360°of the animal marginal zone has received signals that activated dorsal-type gene expression. However, much of the marginal zone is held in a repressed state so that cells do not differentiate immediately (discussed below), and for the prospective somitic mesoderm in the animal marginal zone, BMPs are the repressive agent (Lane et al., 2004) . BMP antagonists from the organizer allow organizer-derived cells and their immediate neighbors to participate in axis formation in late blastula/early gastrula embryos. They recruit the rest of the marginal zone by gradually freeing a few cells at a time from this general repression to build the axis, so that the tadpole body plan is built over the course of several days. Regions distant from the prime meridian are the reservoir of cells that feed slowly into the body plan. Thus, the host site for the Spemann graft (i.e., old "ventral marginal zone") is repressed dorsal tissue waiting to form caudal mesoderm when it comes into contact with organizer-derived cells in late gastrula/early neurula stages. In this view, the organizer's inductive signal to generate somites is not instructive, but simply permissive. Other signals establish competent domains that are under widespread BMP repression, and the organizer simply represses the repression, freeing cells to enter the axis. This is not an instructive induction, but the unmasking of latent potential; it is permission to cells already expressing dorsal-type genes to undertake mediolateral intercalation and finish differentiating as muscle.
The new fate map is a generalized chordate map with vertebrate modifications
To understand why frog development seems complicated, it helps to know what a frog is and where we believe it came from. A frog is both a chordate and a vertebrate. It shares common, ancestral chordate features with the protochordates (i.e., the urochordates and cephalochordates), but also displays vertebrate-specific features. Shared features likely arose from common origins while divergent features likely arose from novel events. Thus, it is not trivial that the revisions discussed above increase congruence between the Xenopus maps and those of protochordates, including both ascidian (a urochordate) and amphioxus (a cephalochordate). All three maps are shown in Fig. 8 . Congruence is seen in the arrangement of the germ layers-ectoderm occupies the animal hemisphere, endoderm occupies the vegetal hemisphere and mesoderm occupies the equatorial region in all three maps. Other congruent features are the locations of the notochord, muscle and neural tissue. The notochord (brown) forms on one side of the equator, while muscle (red) comes from the rest of the equatorial region. Neural tissue (dark blue) arises from a region immediately animal of the notochord field. In protochordates, the side of the embryo from which the notochord descends is called anterior and the opposite side, where prospective muscle is situated, is called posterior. In amphibians, investigators believed the old maps indicated these two "poles" were dorsal and ventral, respectively, but the new map assigns the regions as rostral (or cranial) and caudal, respectively, which corresponds to anterior and posterior in the protochordates.
2 Congruence in the maps provides strong evidence of a common origin for the protochordates and the vertebrates, and suggests we can learn about development of the common structures (i.e., notochord, muscle and neural tissue) from studies in all three systems. Fig. 8 . Three chordate fate maps. In the ascidian fate map (A), and the amphioxus fate map (B), the R/C axis runs across the equator from the notochord field (brick red) to the muscle/somite field (red). Ventral mesoderm in shown in pink, and neural tissue is shown in blue. In the Xenopus fate map (C), this dimension has historically been called D/V, but new mapping data indicates it is the previously unassigned R/C axis. Similarities in the three maps are discussed in the text.
Differences between the maps may teach us about vertebratespecific development. We note two differences between the protochordate and vertebrate fate maps, which concern the divergent, vertebrate-specific features on which we will focus. One difference pertains primarily to R/C patterning and one to D/ V patterning. First, vertebrates form a complex head (with extensive contributions from the neural crest) that is spatially separate from and temporally precedes development of the trunk and tail. As described above, the frog head forms from cells located along the prime meridian. Because protochordates have only simple anterior structures rather than a true head (ascidians have a sensory vesicle and amphioxus has a cerebral vesicle, while a vertebrate has a huge brain with fore-, mid-and hindbrain sections), they do not have the tissues associated with the vertebrate head, and their maps are simpler. Second, vertebrates have an extensive lateral plate mesoderm, which forms many complex tissues, including both primitive and definitive blood, multi-chambered heart, vasculature, somatopleure (including the limbs), splanchnopleure (including the coelom) and the rostralmost lateral plate (i.e., head mesoderm). The amphibian lateral plate forms from what is initially the vegetal region of the gastrula marginal zone (pink in Fig. 8 ), immediately below the animal region of the marginal zone, which forms notochord and somites (brown and red in Fig. 8 ; Lane et al., 2004) . In contrast, the corresponding ventral mesodermal tissues in ascidians are either very simple (e.g., blood, heart) or not present (e.g., somatopleure, splanchnopleure, head mesoderm). The region of ventral mesoderm in the ascidian map is very small and located vegetal of the muscle field. The ventral mesoderm in amphioxus (blood, heart and simple coelom) is more complex than in ascidians, but not nearly as complex as the vertebrate lateral plate. Thus, the Xenopus map is more complex than the protochordate maps because Xenopus generates novel, vertebrate-specific tissues (i.e., extensive lateral plate derivatives and head structures) in addition to the shared chordate tissues.
Just as there are shared and divergent features in the chordate fate maps, there are shared and divergent cellular mechanisms regulating chordate development. We will consider briefly examples of each that may pertain to the shared chordate features described for the maps, and then consider divergent mechanisms that are vertebrate-specific.
Both ascidians and amphibians undergo cytoplasmic and cytoskeletal rearrangements before the first cleavage. In both organisms, the process involves microtubules and is sensitive to uv-irradiation during the first cell cycle. These reorganizations set up the asymmetric inheritance of maternal determinants and the embryonic axes in response to the sperm entry point. In both, the sperm entry point marks the future posterior or caudal end of the embryo while the opposite side becomes anterior or rostral. In ascidians, the rearrangements localize a muscle determinant now identified as macho1 to the posterior equatorial region (Nishida and Sawada, 2001 ). In Xenopus, Gurdon et al. (1985) found a similar distribution of an autonomous muscle specification factor, which remains unidentified, in one-celled Xenopus embryos. Thus, the earliest events post-fertilization, which set up the embryonic axes, appear to be conserved. As development proceeds, inductive interactions begin, and we know that at the molecular level, ascidians and amphibians utilize many of the same signaling pathways, transcription factors (e.g., β-catenin/TCF) and growth factors (e.g., FGFs). These molecular pathways are sometimes utilized in similar processes and sometimes in different processes. These were reviewed elsewhere recently (Passamaneck and Di Gregorio, 2005; Kourakis and Smith, 2005) and will not be discussed further here.
There are significant differences in early developmental processes between protochordates and amphibians, and these differences may reveal clues as to how vertebrate elaborations were added to the chordate body plan. Both ascidians and amphioxus develop rapidly from the fertilized egg and transcribe the zygotic genome from very early stages of development. They undergo relatively rapid gastrulation with few cells (110 cells for many ascidians; ∼512 cells for amphioxus) by a simple invagination of the vegetal hemisphere. In ascidians, the endoderm cells in the invaginating plate experience high nuclear β-catenin, which is required for proper endodermal differentiation. In amphioxus, all cells experience high nuclear β-catenin in early development. There is no evidence of a Spemann-type organizer in ascidians (reviewed in Kourakis and Smith, 2005) , and extremely limited evidence, at best, for one in amphioxus (Neidert et al., 2000; Yu et al., 2002 ). There appears to be a single BMP in both ascidians and amphioxus, designated BMP2/4 (Panopoulou et al., 1997) , as it is equally conserved with vertebrate BMPs 2 and 4. Neither the ascidian gene nor the amphioxus gene appears to be involved in dorsal/ventral mesoderm patterning (reviewed in Passamaneck and Di Gregorio, 2005) .
In contrast to the protochordates, amphibians develop relatively slowly, with widespread transcriptional repression until the twelfth cell cycle, when they pass through the midblastula transition (MBT) and begin widely transcribing the zygotic genome. Gastrulation is delayed until several hours post-MBT, when there are thousands of cells in the embryo. Gastrulation lasts for many hours and involves multiple morphogenetic processes, including vegetal rotation, epiboly, involution, radial intercalation and mediolateral intercalation. In Xenopus, cells along the prime meridian experience high nuclear β-catenin from early blastula to late blastula/early gastrula stages (Larabell et al., 1997) . Subsequently, in mid to late blastula stages, a second wave of high nuclear β-catenin is seen throughout the marginal zone, driven by Xwnt8 expression in the marginal zone (Schohl and Fagotto, 2003) . BMP4 is widely expressed after the MBT in the animal hemisphere and marginal zone, and then cleared from the region of the prime meridian beginning in mid-gastrulation (Hemmati-Brivanlou and Thomsen, 1995) . Amphibians require an organizer that secretes BMP antagonists in order to build a tadpole (Oelgeschlager et al., 2003; Khokha et al., 2005) .
In summary, the processes that occur in the first cell cycle to set up the embryonic axes are fairly conserved between the protochordates and amphibians, but subsequent events diverge. Amphibian embryos experience two widespread, sequential systems of repression that are not seen in the protochordates. These systems of repression delay both gastrulation and cell differentiation until relatively late in development. First is transcriptional repression of the zygotic genome, which basically locks cells in a state where they only utilize maternally stored mRNAs and proteins. This state lasts through the first twelve-cell cycles, when many of the processes that pattern the amphibian embryo occur. Once the embryo passes through MBT and activates zygotic transcription, it expresses BMP4 mRNA throughout the animal hemisphere and marginal zone, and BMP antagonists in the rostral neural plate (the BCNE, Kuroda et al., 2004 ) and Spemann's organizer as a result of cortical rotation. BMP4 expression acts as a second repressive system, preventing Xbra-expressing cells in the marginal zone from undertaking the cell behaviors that allow them to participate in axis formation (Lane et al., 2004) . The interplay between BMPs and the BMP antagonists from the organizer permits the entry of marginal zone cells into the growing R/C axis (Lane et al., 2004) . The protochordates do not undergo either system of repression, but construct their body plans without delay.
Looking at the big picture, we see that in the vertebrate embryo, which needs to induce and construct novel tissues such as the head and lateral plate mesoderm in addition to the shared structures like the notochord and neural plate, early development incorporates mechanisms that delay gastrulation in comparison to the protochordates. We propose that this delay allows the interactions that establish the head anlagen along the prime meridian and the extensive lateral plate in the vegetal region of the marginal zone to occur. As morphogeneticists, we point out that these two regions are the first to participate in the morphogenetic movements of gastrulation in Xenopus, so cells that form the vertebrate-specific features are set apart very early in development, and they begin physically constructing the vertebrate body plan before the cells that form chordate-type tissues (e.g., notochord and muscle) undertake dorsal-type morphogenesis. Once the prospective head and lateral plate tissues undertake their specific morphogenetic behaviors (crawling across the blastocoel roof), the tissues common to the chordates (notochord, muscle, neural) undertake the specific cell behaviors (e.g., mediolateral intercalation) that bring them into the dorsal, axial structures. Ascidians and lancelets (amphioxus) are fairly small, and there is only a small timing difference between anterior and posterior cells forming axial structures. A frog embryo is much larger, and not all of the prospective notochord, muscle or neural cells enter the forming axis at the same time. There is a pronounced rostral-to-caudal progression of cells entering axial structures. Early in gastrulation, most of the prospective dorsal, axial cells are morphogenetically quiescent in non-organizer regions of the marginal zone. Cells from the organizer secreting BMP antagonists like chordin and noggin recruit cells from the quiescent population to undertake motility behaviors that allow them to enter the axis, and they do so in a very drawn out process. Thus, the vertebrate body plan is built over the course of two to 3 days rather than hours, and only a few cells in the large amphibian embryo are recruited into the axis at any given time, which correlates with the R/C level of the body plan.
Other determinants and signals in the embryo set up specific territories (e.g., the dorsal mesoderm in the animal marginal zone, which expresses Xbra and XmyoD independently of the organizer; the ventral mesoderm in the vegetal marginal zone, which expresses Xmenf independently of the organizer (Kumano and Smith, 2002) ) and it is the role of the organizer to bring these cells slowly but steadily out of a quiescent morphogenetic state and into the lengthening R/C axis.
These spatial and temporal features make frog development seem complicated, but understanding the relationship between the vertebrates and the protochordates simplifies much of the complexity. The relationship between the frog and the other chordates can only be understood using the new map, which reveals congruence between the chordate fate and axis orientation maps. One simply cannot appreciate this relationship and its repercussions for frog development using maps in which the embryonic axes are improperly assigned. It will remain for investigators in the future to determine exactly how two large domains of cells destined to make vertebrate-specific features -the complex, vertebrate head anlagen with neural crest components and the lateral plate mesoderm-were added to the basic chordate body plan, and the egg volume increased to provide sufficient stores for the much larger frog embryo.
The new view of axial patterning provides an explanation of complete vs. incomplete axis formation in Xenopus patterning assays
Revisions to the Xenopus fate and axis orientation maps alter our understanding of the embryo at the most fundamental level, and lead to new models, questions and explanations for observed phenomena. As an example, we consider two assays routinely utilized to assess the roles of molecules in what is historically called "dorsal/ventral" patterning (reviewed in Heasman, 1997) . One assay involves rescue of axial structures in embryos in which cortical rotation is impaired by UVtreatment during the first cell cycle. The second assay is misexpression directed towards the caudal (formerly "ventral") region of normal embryos by injection at or after the 4-cell stage. Many molecules have been investigated in these two assays, solely in the context of dorsal/ventral patterning, as investigators consider both head and trunk duplications to be manifestations of "dorsal" development. In our revised view of Xenopus patterning, head/rostral and trunk/dorsal development are two different aspects of vertebrate development. We now reconsider the two assays and classify the results in terms of rostral vs. dorsal development. We believe this approach reveals new events in Xenopus axis determination that are not recognized using the old view of Xenopus development.
The combined results from the two assays fall into three categories (Table 1 ). The first class, which includes activin and goosecoid, never or only very rarely induce a second head in either assay, but induce partial axes (trunk/tail structures) routinely in both assays. The second class includes molecules such as noggin and chordin. These rescue complete axes (head, trunk and tail) when cortical rotation signaling is impaired by UV treatment, but induce only partial axes (hindbrain, spinal cord and rostral somite duplications) when tested in the caudal marginal zone of normal embryos. The third class includes molecules such as Xwnt8 and Siamois that induce a complete axis in both assays. We believe that these different classes of results distinguish between head and dorsal patterning, and may help the amphibian field separate the two, both conceptually and practically, in experimentation. As class 1 molecules do not produce recognizable heads in either assay, but produce only trunk/tail structures, they do not control head development. Of greatest interest is the difference between class 2 and 3 molecules. Class 2 molecules trigger head formation when expressed in a UV-treated embryo that has not completed cortical rotation signaling, but cannot generate a head from caudal tissue that has experienced cortical rotation. Class 3 molecules lead to recognizable head structures regardless of whether or not cortical rotation occurred, indicating that molecules in this pathway constitute the head determination pathway. We propose that the differential response to class 2 molecules in these two assays reveals an unrecognized event set in motion by cortical rotation. Prior to sperm entry and the ensuing cortical rotation, the amphibian egg is radially symmetric about its animal/vegetal axis. A sperm can bind at any point on the animal hemisphere, triggering rotation of the cortex that establishes bilateral symmetry, and sets up the prime meridian opposite the sperm entry point. As a result of cortical rotation, the rostral end of all three germ layers forms along the prime meridian. Since Gerhart and his colleagues described cortical rotation, investigators have searched for a "dorsal" determinant, proposed to move along the prime meridian, which determines the site of the Nieuwkoop center and Spemann's organizer. The revised fate map and axis orientation maps suggest that the determinants concentrated along the prime meridian during cortical rotation are head determinants. The simple realization that the head comes from the prime meridian and the trunk and tail from the rest of the embryo, and that this decision is made by cortical rotation, raises a potential explanation for the disparate responses to class 2 molecules in the two assays described above. As a sperm can bind anywhere in the animal hemisphere, any meridian can become the prime meridian (i.e., the rostral midline). This suggests that in the radially symmetric embryo, putative head determinants (or the capacity to synthesize them) are initially radially distributed. Fertilization and cortical rotation lead to head determinants being concentrated along the prime meridian, or perhaps only preserved there and destroyed elsewhere. We know that the embryo remains susceptible to complete axial twinning (i.e., forming second heads) by tipping/centrifuging the embryo, triggering new cortical rotation, through the second cell cycle (Black and Gerhart, 1986) . After completion of the second cell cycle, tipping no longer produces a second head. This indicates that the head determinants are no longer present in blastomeres opposite the prime meridian. (In the current dogma, this observation may be explained by the formation of a physical barrier by the second cleavage plane that restricts the movement of wnt11 from the rostral to the caudal blastomeres, this has not been rigorously demonstrated nor have other possibilities been investigated.) Once a rostral midline is designated, destruction of the early, radial capacity to be rostral in regions distant from the prime meridian may be essential to forming a normal body plan in an external environment where mechanical stimulation (which would lead to secondary heads at high frequency) cannot be controlled. If a rostral midline is not selected (e.g., if cortical rotation is blocked), the process of concentrating the rostral determinant along the prime meridian or destroying the rostral determinant elsewhere in the embryo may not be initiated.
The presence in early development of a radial head determinant that is moved or destroyed after the four-cell stage helps explain the results for class 2 molecules in the UV treatment assay and the caudal marginal zone assay. When class 2 molecules are expressed in a UV-treated embryo, the head determinant is present at every meridian and can synergize with class 2 molecules to generate a complete axis with head structures. When class 2 molecules are expressed in the caudal (formerly ventral) marginal zone of a normal embryo, the head determinant no longer exists in regions distant from the prime meridian, and thus is unavailable to synergize with the injected construct and create a second head. Instead, class 2 molecules generate a second, incomplete axis by unmasking the BMPrepressed Xbra-and MyoD-positive cells set up in the caudal marginal zone (discussed above; Lane et al., 2004) . This explains why so many kinds of molecules generate incomplete secondary axes when ectopically expressed in the caudal marginal zone: any treatment that either depresses BMP expression or stimulates BMP antagonist expression prematurely "unmasks" this prospective dorsal mesoderm by precociously initiating mediolateral intercalation, generating a partial duplication of the embryonic axis that contains somites and neural tissue. For example, ectopic expression of a GATA2-engrailed repressor construct in the caudal marginal zone leads to formation of a secondary axis (Sykes et al., 1998) . GATA 2 is normally involved in ventral mesoderm differentiation, and disruption of GATA 2 activity by the engrailed repressor construct leads to chordin expression in the caudal marginal zone, and ultimately to an incomplete secondary axis. This secondary axis is repressed by co-expression of BMP 4 or a constitutively active BMPR, again indicating that premature unmasking of dorsal mesoderm in the caudal marginal zone leads to incomplete secondary axes. It is critical to understand that incomplete secondary axes consist of dorsal and ventral mesoderm cells hijacked from the primary axis, and not of ventral cells converted into dorsal cells (i.e., prospective blood cells converted into somitic and neural tissue).
Our classification system for experimental results provides a potential explanation for a difference observed between UVtreated embryos and β-catenin depleted embryos. The class 2 molecule noggin rescues a complete axis including head formation in a UV-treated embryo, but rescues trunk/tail structures only in a β-catenin depleted embryo (Xanthos et al., 2002) , indicating that UV-treated and β-catenin-depleted embryos are not equivalent. In UV-treated embryos, the wnt pathway is activated at the vegetal pole (i.e., at all meridians), whereas in β-catenin-depleted embryos, there would be no wnt signaling via the β-catenin pathway. In UV-treated embryos, noggin injected anywhere can synergize with the activated wnt pathway at the vegetal pole to yield an axis complete with a head, but in a β-catenin-depleted embryo, noggin cannot synergize with the wnt pathway acting through β-catenin. Instead, noggin can only produce a partial second axis via its repression of BMP signaling discussed above.
Our new view of the axis determination in Xenopus also helps explain recent reports that rostral neural tissues form in embryos depleted of BMPs and β-catenin (Reversade et al., 2005) or depleted of multiple BMPs and BMP antagonists (Khokha et al., 2005) by morpholino injection after cortical rotation. In both experiments, rostral neural tissue formed and current models do not explain why head tissues form when Spemann's organizer is compromised (remember, head tissues and dorsal tissues are all considered dorsal). We believe the proposed radial, early head determinant explains one observation, and recognition of the fact that cortical rotation establishes the rostral end of the embryo explains the other observation. Reversade et al. (2005, see their Figs. 6, 7 and 8U) reported that embryos depleted simultaneously of the mRNAs for BMP 4, BMP 7 and β-catenin (using morpholinos at the 4-cell stage) yields embryoids that are radial head-like. This experimental design eliminates blastula stage signals that normally restrict the head to the prime meridian region, and reveals that the head determinant is initially radial. Khokha et al. (2005, see their Fig. 4) reported that simultaneous depletion of multiple BMP antagonists (follistatin, chordin, and noggin) throughout the embryo at the 1-2 cell stage greatly reduced Sox2 expression in the neural plate at st. 14-15 (early neurula stage), but if this injection scheme is followed by BMP 4 and 7 depletion from the two "dorsal" blastomeres at the 4-cell stage, expression of the neural marker Sox2 is restored in the rostral neural plate. The new fate map and patterning scheme provide a very simple interpretation. If BMP antagonists from the organizer are eliminated, then BMPs normally expressed throughout the embryo suppress both dorsal and rostral development. But, if the BMPs are also eliminated in the "dorsal" half of the embryo (which we now recognize as the rostral half), then the rostral neural plate forms. The new model says rostral neural forms because cortical rotation occurred normally and initiated wnt/β-catenin signaling, which in turn set up the rostral end of the three germ layers. Baker et al. (1999) previously proposed that a cleavage stage wnt signal normally represses BMP expression on the "dorsal" (i.e., rostral) side of the embryo and sensitizes the ectoderm to neural signals from the organizer. Moreover, Kuroda et al. (2004) recently proposed that an early blastula stage β-catenin signal predisposes the ectoderm to neural induction by endomesodermal signals from Spemann's organizer. These early wnt/β-catenin signals are most likely the wnt/ β-catenin signal initiated by cortical rotation that establishes the rostral end of all three germ layers. In the embryos of Khokha et al. (2005) discussed above, the rostral neural plate forms from the rostral half of the embryo that has neither BMP antagonists nor BMPS, but has undergone cortical rotation. The caudal neural plate may either be delayed, or it may not form in the absence of BMP antagonists-endogenous BMPs have repressed its formation from the caudal half of the embryo. It is difficult to know as the embryos were assayed at a relatively early stage (st. 14-15), when most of the caudal neural plate has not yet formed in control embryos.
Another recent report proposes that Xenopus maternal wnt11 is the initial signal in specifying the "dorsal" axis and may be the long sought dorsal determinant (Tao et al., 2005 ; "dorsal" should once again mean rostral in this case as the authors are looking at the formation of head structures). While maternal wnt 11 may be involved in specifying the head and activating the β-catenin pathway along the prime meridian, we note that wnt 11 did not generate radial head embryoids, although Xwnt8 did so readily ( Fig. 1 in Tao et al., 2005) . Since numerous treatments generate radial head embryoids, we would expect the endogenous rostral determinant to also produce this phenotype when over-expressed throughout the embryo, and questions remain as to whether or not wnt11 is the radially distributed rostral determinant we propose exists in Xenopus.
Finally, we point out that the wnt signal that we propose establishes the rostral end of the three germ layers and leads to formation of the vertebrate head is NOT the same wnt signal Niehrs and his colleagues (Niehrs, 1999) propose antagonizes head development. The wnt signal we propose to regulate head formation occurs very early in development in cells along the prime meridian as a result of cortical rotation-the cells that form the tadpole head. Niehrs and his colleagues study a later stage wnt signal (Xwnt 8 in late blastula/gastrula) that is normally expressed in the marginal zone outside of the organizer, a region that does not normally contribute to the head but forms trunk and tail mesoderm. This spatial and temporal distribution for Xwnt8 is consistent with an antagonistic affect on head development, but it does not preclude our proposed involvement of an early wnt/β-catenin signal in promoting head development.
An emerging view of xenopus axial patterning
The assignment of the R/C axis to the horizontal aspect of the marginal zone and the D/V axis of the mesendoderm to the animal/vegetal axis renders existing models of frog patterning untenable. As the point of a model is to drive experimental questions, a new model of patterning is required to drive experimental designs and intellectual concepts of patterning. To that end, we propose the following model of xenopus axial patterning, an alteration of the "dorsal competence modifier" model of Moon and his colleagues Kimelman et al., 1992) .
The mature amphibian oocyte and young embryo are transcriptionally silent (with the exception described below). The first twelve cleavage divisions are synchronous and short, consisting of DNA replication and division stages. Signals passing between the cells in this period are likely setting up competence domains, but almost no new gene expression occurs until after the MBT at st. 8.5. The only known exception is the β-catenin/TCF-regulated transcription of Xnr5 and Xnr6 (Yang et al., 2002) that occurs on what we call the rostral side of the embryo, where nuclear β-catenin is relatively high after cortical rotation. Historically, high nuclear β-catenin was proposed to regulate dorsal development, but the fate map demonstrates that the cells that experience it are both dorsal and ventral cells of the rostral endoderm, rostral ectoderm and rostral mesoderm-the cells that cooperate to form the tadpole head. Another feature of development we must keep in mind is that prior to MBT, BMP7 mRNA and BMP2 mRNA and protein are present throughout the animal hemisphere and marginal zone (Hemmati-Brivanlou and Thomsen, 1995) , and once the embryo passes through the MBT and activates the zygotic genome, BMP4 mRNA is expressed throughout the animal hemisphere and marginal zone. BMP4 mRNA is eliminated from the dorsal marginal zone (i.e., the new rostral marginal zone) and neural plate in midgastrula stage (HemmatiBrivanlou and Thomsen, 1995) . Thus, from the earliest stages of development until well into gastrulation, BMPs may act to repress dorsal as well as rostral development.
The egg is radially symmetric (Fig. 9A ) and a sperm can bind at any meridian in the animal hemisphere. We propose that a head determinant is distributed radially in the egg. Two lines of evidence support our proposal for a radial head determinant. First, Li + treatment and D 2 O-treatment cause radial head embryoids to form (i.e., DAI 10 embryos in the Kao and Elinson, 1988 scale) . In these embryos, all meridians serve as prime meridians. Second, as discussed above, elimination of blastula stage signals by morpholino techniques yields radial heads (Reversade et al., 2005) , indicating that the information for head formation is radial prior to being limited by blastula signaling. Fertilization triggers cortical rotation, which selects the prime meridian on the side opposite sperm entry (Fig. 9B) . The prime meridian develops into the embryo's rostral midline. Near the prime meridian, the head determinant is concentrated, preserved or synthesized. As a consequence of the head determinant, the rostral end of the three germ layers forms along the prime meridian. Beginning by st. 6 and lasting into gastrulation, nuclear β-catenin will accumulate at higher concentrations in cells along the prime meridian, relative to the nuclear β-catenin levels in cells elsewhere in the embryo (Larabell et al., 1997) . Nuclear β-catenin combines with the transcription factors LEF/TCF to regulate expression of susceptible genes (e.g., Siamois, Twin). The mature egg is radially symmetric about its animal/vegetal axis. The heavily pigmented animal hemisphere gives rise to ectoderm and the almost non-pigmented vegetal hemisphere gives rise to endoderm. Historically, no embryonic axis was correlated with the animal/vegetal axis. However, inversion of the egg inverts the dorsal/ventral pigment pattern of the tadpole (Neff et al., 1984) , suggesting that the dorsal/ventral axis corresponds to the animal/vegetal axis. (B) The embryo after cortical rotation. Fertilization triggers cortical rotation, and the side opposite sperm entry experiences increased levels of nuclear β-catenin, which gives the region rostral identity. The midline passing through the high β-catenin region is the prime meridian and forms the rostral midline of the embryo. The rostral ectoderm (dark blue) forms in the animal hemisphere and the rostral endoderm (bright yellow) forms in the vegetal hemisphere. Regions away from the prime meridian adopt a non-rostral fate and will ultimately form the trunk and tail. (C) The marginal zone and four organization centers after mesoderm induction. Mesoderm (shown in shades of red) is induced in the equatorial region by a signal or signals emanating from the vegetal hemisphere. This model proposes that the signal is uniquely interpreted in four regions that are inherently different by the time of mesoderm induction. Each region responds by forming a different component of the marginal zone. The caudal animal marginal zone and the rostral animal marginal zone comprise the marginal zone that forms truly dorsal mesoderm, and is the true dorsal marginal zone (DMZ). The caudal vegetal marginal zone and the rostral vegetal marginal zone comprise the marginal zone that forms truly ventral mesoderm, and is the true ventral marginal zone (VMZ). The late blastula organizer (LBO), active around st. 9, forms in the rostral vegetal margin and Spemann's organizer (SO), active beginning around st. 10, forms in the rostral animal marginal zone. Two other organizers are proposed to act earlier in development. The Nieuwkoop center (NC) forms in the rostral endoderm and the blastula chordin/noggin expressing center (BCNE) forms in the rostral ectoderm. (D) The fate map superimposed on the diagram of the marginal zone and organization centers as shown in panel C. Tissues arising along the prime meridian include the pharyngeal endoderm, the head mesoderm, the rostral notochord and brain (i.e., rostral neural). In the mesoderm, caudal notochord (brick red) is recruited/induced during gastrula and neural stages from the true DMZ distant from the prime meridian. Somites are recruited from the caudal animal marginal zone, and lateral plate and intermediate mesoderm (i.e., pronephros) from the caudal vegetal marginal zone. In the ectoderm, rostral epidermis (the cement gland, cg) descends from cells along the prime meridian, while caudal epidermis (epi) comes from cells not situated on the prime meridian. Caudal neural (Ne), except the floorplate, forms from cells in the animal hemisphere not situated along the prime meridian. Abbreviations: An, animal; BCNE, blastula chordin and noggin expressing region; C, caudal; cg, cement gland; CMZ, caudal marginal zone; D, dorsal; DMZ, dorsal marginal zone; Epi, epidermis; hm, head mesoderm; LBO, late blastula organizer; LP, lateral plate; NC, Nieuwkoop center; Ne, neural; No, notochord; R, rostral; RMZ, rostral marginal zone; S, somites; SO, Spemann's organizer; Veg, vegetal; VMZ, ventral marginal zone, 0°, prime meridian/rostral midline.
Along the prime meridian, in the cells experiencing high nuclear β-catenin, a series of organizers forms ( Fig. 9C ; Gerhart et al., 1991 ). Nieuwkoop's center forms first, in the rostral endoderm (i.e., the rostral vegetal region). In the rostral ectoderm, just after the MBT, a region identified as the BCNE (blastula chordin-and noggin-expressing center) expresses BMP antagonists that are required for proper rostral neural development . The Nieuwkoop center later induces a late blastula organizer (i.e., the head organizer) and gastrula organizer (i.e., Spemann's organizer, also known as the trunk organizer) in the overlying marginal zone (mesoderm). The exact physical boundaries and potential overlap between these four organizing centers is not clear at present, but we note that in an embryo that forms in a rostral-to-caudal sequence, an "organizer" is now identified in the rostralmost tissues of each germ layer.
The first consequence of cortical rotation is that one meridian (i.e., the prime meridian) is selected as rostral. All other meridians could have served as the prime meridian, and this potential must be suppressed for normal development. Two lines of evidence suggest that the process resulting in this suppression begins before the four-cell stage. First, separation into rostral and caudal blastomere pairs at the 4-cell stage leads to head-plus-trunk vs. trunk-plus-tail development, respectively (Fig. 3) . This indicates that the capacity to form rostral autonomously is suppressed in the caudal pair at the four-cell stage. (However, we note that capacity to make dorsal autonomously still resides in the caudal blastomeres pair at the four-cell stage as they form caudal structures with appropriate axial organization, again indicating that rostral and dorsal development are distinct.) Second, the differential response to class 2 molecules in the assays described above indicates the caudal blastomeres in the four-cell embryo have lost the capacity to autonomously form a head.
Cells continue to divide and the embryo forms a blastula. Other inductive signals pass in the embryo while it is repressed by transcriptional silencing. For instance, mesoderm is induced in the marginal zone by a signal or signals emanating from the vegetal hemisphere. It is not clear that there are two different signals as posited by the traditional model of patterning (Fig.  2B ). If we rename the "dorsal competence modifier" of Moon and his colleagues Kimelman et al., 1992) that resulted from cortical rotation the "rostral competence modifier", we can postulate that cells across the rostral/ caudal aspect of the marginal zone interpret some signals differentially, because the rostral cells have higher levels of nuclear β-catenin than caudal cells as a result of cortical rotation. Increased nuclear β-catenin/TCF could lead to differential transcriptional activities, morphogenetic behaviors or simply timing (i.e., rostral cells participate in morphogenesis earlier and differentiate earlier than caudal cells) in rostral cells at later stages of development. Cells in the marginal zone may also interpret vegetal signals differentially along the animalvegetal axis because of maternally inherited factors, leading to dorsal-ventral differences. By late blastula stages, cells located in the animal marginal zone (i.e., the new dorsal marginal zone, see Fig. 3C ) express Xbra, perhaps as a result of FGFR and MAPK signaling (Kumano and Smith, 2000; Kumano et al., 2001 ), while cells located in the vegetal marginal zone (i.e., the new ventral marginal zone) express Xmenf (Kumano and Smith, 2002) .
At st. 8.5, Xenopus embryos undergo the mid-blastula transition (MBT) and become transcriptionally active. The zygotic genome is, for the first time, actively transcribed. Sometime after the 4-cell stage but before the late blastula stage, we postulate another previously unrecognized signal passes from the region of the prime meridian to regions distant from the prime meridian. This signal causes the regions distant from the prime meridian to lose the autonomous capacity to form somites. Following this signal, interaction with the organizer is now required to get the caudal region to form somites and caudal neural tissue. We postulate this signal because the caudal half of four-cell embryos autonomously form properly patterned somites and neural tissue while the caudal half of a late blastula/ early gastrula embryo forms a belly piece without dorsal, axial tissues.
3 This change in the specification state indicates a repression system has been set up in the caudal region of the embryo as a result of contact with the rostral region between the 4-cell and late blastula stages.
Although the repressive system may be more complex, at least one component is BMP4, which prevents prospective somite cells in the animal marginal zone from undertaking mediolateral intercalation and joining the axis too early in development. If too many cells join the axis early, the embryo forms excessive rostral structures and lacks caudal structures. Widespread expression of BMP4 in the post-MBT embryo is why the embryo needs an organizer to build a tadpole body plan. The organizer expresses BMP antagonists that rescue suppressed dorsal tissues in caudal regions of the embryo. Under the influence of an organizer, suppressed cells are slowly reclaimed into the morphogenetic behaviors that allow them entry into axial structures, notably mediolateral intercalation for dorsal mesoderm (Lane et al., 2004) . In the absence of an organizer, BMP4 overwhelms the embryo, suppressing both dorsal and rostral development. (Baker et al., 1999) .
Once the MBT occurs, newly transcribed genes are detected for the first time by in situ hybridization (ISH). ISH reveals that many genes are expressed specifically in subdomains of the embryo. Genes activated by high levels of nuclear β-catenin as a result of cortical rotation are expressed by subsets of cells along the prime meridian, and these cells in the embryo lead all morphogenetic behaviors and ultimately construct the rostral end of the body plan. Some of these cells, which originally occupy the animal sector of Spemann's organizer, initiate mediolateral intercalation. These cells recruit neighbors to undertake MIB by releasing them from BMP repression. In doing so, organizer cells mix with non-organizer cells, recruiting them to join the axis, primarily as somitic mesoderm.
The organizer cells secrete a cocktail of antagonists, some of which protect the organizer cells as they interact increasingly with non-organizer cells. This allows organizer cells to differentiate as notochord, albeit as caudal notochord rather than rostral notochord. Thus, they retain their ability to intercalate and to recruit cells, despite becoming increasingly surrounded by non-organizer cells and moving into regions of high BMP activity.
Conclusions
Research on axial patterning in amphibian embryos has described numerous manipulations that in their milder forms delete the rostralmost regions of the body plan, and as the severity of the treatment increases, delete successively more caudal regions of the body plan (reviewed in Gerhart et al., 1989 Gerhart et al., , 1991 Stewart and Gerhart, 1990) . This observation led Gerhart and his colleagues to pose the following question: when Spemann's organizer is reduced in size, why is the anterior (rostral) end of the body plan missing? This question has remained unanswered. We believe that the revised fate map and the designation of the rostral/caudal axis to the horizontal aspect of the early pre-gastrula embryo allows us to answer this question. Spemann's organizer is the last of several organizers that arise along the prime meridian established by cortical rotation. The prime meridian is the head anlagen, and when parts of the region including the prime meridian are physically removed, the head anlagen is reduced in size and less head forms (Stewart and Gerhart, 1990) . Likewise, when manipulations decrease the extent of cortical rotation (e.g., UV-exposure during the first cell cycle), the size of the resulting head anlagen is decreased, and less head forms. These phenomena cannot be appreciated using the old fate maps and axis designations, but is simple and straightforward using the revised fate and axis maps. We acknowledge that revising the nomenclature for Xenopus embryos based on the new maps is challenging for researchers, teachers and students, but in the end, the benefits in altering our view of the embryo will outweigh the temporary confusion caused by nomenclature issues.
